or that of closely associated human hosts. Some of these intestinal ExPEC may derive from food-producing animals and may have entered the human host's gut by consumption of uncooked, undercooked or cross-contaminated food products (Manges & Johnson, 2015) .
Support for this concept comes from the considerable genotypic and phylogenetic similarity of certain E. coli isolates from human infections and food products (Johnson et al., 2009; Lyhs et al., 2012; Manges & Johnson, 2012) . Although to date Shiga-toxin producing E. coli (STEC) are the only E. coli the US Department of Agriculture (USDA) regards as associated with foodborne illnesses and as food adulterants (Register, 2011) , foodborne ExPEC conceivably also may cause human diseases.
Foodborne ExPEC remain unappreciated as foodborne pathogens mainly because they lack an established causal relationship with diseases. In contrast to diarrheagenic E. coli, which typically cause disease shortly after ingestion, ExPEC can persist innocuously in the human gut for months or years, until appropriate conditions arise, for example urinary-catheter use, anal-urethral contamination, or transrectal prostate biopsy, that allow them to enter and infect an extraintestinal site. This lag obscures any possible link between the infection and the source food product.
As direct transmission of ExPEC from food to humans is difficult to detect, the best available ways to elucidate the zoonotic potential of the ExPEC found in chicken products are (i) epidemiologic risk-factor analyses of chicken meat consumption in relation to ExPEC-associated illnesses and (ii) in vitro and in vivo characterization of chicken-source E. coli isolates for virulence-relevant traits. We previously identified ExPEC on shell eggs and in chicken meat and defined the pathotype groups of such isolates using published genotypic and phenotypic criteria (Mitchell, Johnson, Johnston, Curtiss, & Mellata, 2015) . Here, to further assess their zoonotic potential we tested selected isolates for virulence in rodent models of sepsis, meningitis and urinary tract infection (UTI) and evaluated whether specific in vitro traits predicted in vivo virulence.
| MATERIALS AND METHODS

| Human and animals ethics statements
Human urine was collected from healthy adult volunteers (female and male) with approval from the Arizona State University (ASU) Institutional Review Board (#1012005820) and the subjects' written informed consent. Specific-pathogen-free (SPF) rodents were purchased from either Charles River Laboratories (female BALB/c mice and pregnant SPF outbred Sprague Dawley rats with timed conception) or Jackson Laboratories (female CBA/j mice). Animals were acclimated for 7 days before each experiment. All animals were apparently healthy before the experiments and were distributed randomly into different treatment groups. Animals were housed and infected in accordance with protocols approved by the ASU Institutional Animal Care and Use Committee (IACUC) (#1168R). Mice were housed in group of 5, and pups were housed with their mothers. Humane endpoint criteria were set for all animals. Animals exhibiting immobility (unable to feed or drink) or failure to groom were euthanized immediately by CO 2 asphyxiation (mice) followed by cervical dislocation (rats). Death was not considered as endpoint.
| Bacterial strains and growth
We tested 20 E. coli isolates from commercial chicken products, including raw meat (n = 13) and eggs (n = 7) ( Table 1) . They had been previously characterized extensively in vitro for virulencerelevant genotypic and phenotypic traits; their ExPEC status and ExPEC subpathotypes, including avian pathogenic E. coli (APEC), uropathogenic E. coli (UPEC), neonatal meningitis E. coli (NMEC) and sepsis-associated E. coli (SEPEC), were identified using published criteria involving traits that ostensibly characterize these pathotypes (Mitchell et al., 2015) . Details for these criteria are summarized in Table S1 .
The 20 chicken-source isolates were chosen based on their suitability for the various animal challenge models and to provide diversity with respect to molecular ExPEC status, complement resistance, phylogenetic group and putative ExPEC pathotype (UPEC, NMEC, APEC, SEPEC) (Table 1) . For the sepsis model, six complement-resistant and two complement-sensitive ExPEC isolates were selected. For the UTI model, five ExPEC isolates that qualified as UPEC (growth in urine) and two that did not (no growth in urine) were selected. For the meningitis model, four isolates that qualified as NMEC (positive for both K1 capsule and ibeA) and one that did not (positive for ibeA only) were selected. Additionally, six non-ExPEC isolates were included to determine their ability to cause ExPEC diseases. Positive controls included human ExPEC reference strains CFT073, from a patient with acute pyelonephritis (Welch et al., 2002) ; UTI89, from a patient with acute cystitis (Chen et al., 2006) ; and RS281, from a neonate with meningitis (Yao, Xie, & Kim, 2006) . Negative controls included E. coli K-12 strain MG1655 (Blattner et al., 1997) and laboratory strain DH5α (Chart, Smith, La Ragione, & Woodward, 2000) .
Impacts
• Chicken-derived food products, such as raw meat and eggs, can be contaminated with Escherichia coli strains that in many ways resemble the extraintestinal pathogenic E. coli (ExPEC) that cause extraintestinal infections in humans.
• Some chicken-source E. coli isolates were able to cause one and even multiple diseases when tested in rodent infection models that mimic human disease; this ability did not correspond consistently with whether laboratory testing identified the strains as ExPEC.
• The presence in chicken products of E. coli with such infection-causing abilities is a food safety concern. The degree of danger such strains pose to humans needs to be defined, and better ways to detect them in food are needed.
Except where specified otherwise, bacteria were grown at 37°C in lysogeny broth (LB) or on MacConkey agar. Strains were stored as stock cultures at −80°C in peptone-glycerol medium.
For animal challenge, bacteria were grown overnight static, diluted
(1:100) in LB and grown either shaking to OD 600 ~0.8 (intraperitoneal injection) or overnight static and adjusted to OD 600 ~1 (urethral injection). Post-centrifugation bacterial pellets were resuspended/diluted in PBS. CFU/ml was determined by serial dilution plating.
| Phenotypic assays
Biofilm production by bacteria grown in LB or fresh human urine was evaluated in round-bottom 96-well microtitre plates and was quantified using crystal violet staining (Stacy et al., 2014) .
Motility of bacteria was tested on different soft agars to detect swimming (0.25% agar, 1.3% tryptone, 0.7% NaCl) and swarming (0.45% agar, 1% peptone, 0.3% beef extract, 0.5% NaCl, 0.5% glucose) (Girgis, Liu, Ryu, & Tavazoie, 2007) . Motility zone diameters were measured after incubation of plates at 37°C for 8 hr (swimming) or 16 hr (swarming).
Interaction of urine-grown bacteria with human bladder and kidney cells was tested using monolayer cultures of human bladder T24 (ATCC HTB-4) and kidney A498 (ATCC HTB 44) cell lines (Chromek et al., 2006 
ExPEC, extraintestinal pathogenic E. coli; Phy, phylogenetic group; CR, complement resistance; R, resistant; S, sensitive; UPEC, uropathogenic E. coli; APEC, avian pathogenic E. coli; NMEC, neonatal meningitis E. coli; N/A, not applicable (pathotypes were defined for ExPEC isolates only); undefined, does not correspond with any of the three major pathotypes (NMEC, UPEC or APEC); A, adhesin; T, toxin; S, siderophore; P, protectin; M, miscellaneous; Me, meningitis; Se, sepsis; U, urinary tract infection.
a Data are from a previous study (Mitchell et al., 2015) .
bacteria were added to each tissue culture well (multiplicity of infection
[MOI], 10) and incubated at 37°C in 5% CO 2 for 1 hr (association) and with gentamicin (100 μg/ml; Sigma-Aldrich) added for an additional 1 hr (invasion) or 3 hr (net intracellular survival). Cells were washed with PBS, then lysed with PBS-0.1% (w/v) sodium deoxycholate for quantitative cultures. Three endpoints (association, invasion and net intracellular survival) were calculated using ratios of bacterial counts:
(i) cell-associated bacteria at 1 hr over the initial inoculum size (association); (ii) intracellular bacteria at 2 hr (after 1-hr gentamicin exposure) over cell-associated bacteria at 1 hr (invasion); and (iii) intracellular bacteria at 4 hr (after 3-hr gentamicin exposure) over intracellular bacteria at 2 hr (after 1-hr gentamicin exposure) (net intracellular survival).
| Virulence in rodent models of ExPEC diseases
For sepsis, seven-week-old female BALB/c mice (5/group) were injected intraperitoneally (i.p.) with ~ 10 8 CFU of bacteria in 100 μl PBS.
Mice were observed daily over 7 days for health status using the following scoring: 1, healthy (no apparent sickness); 2, minimally ill (ruffled fur, sluggish); 3, moderately ill (ruffled fur, sluggish, hunched posture);
4, severely ill (lethargy, porphyrin staining around eyes); and 5, dead
(from sepsis or euthanized because endpoint criteria were met).
The ability of strains to enter the central nervous system was tested in a neonatal rat model of E. coli meningitis (Huang et al., 1995) .
Briefly, 5-day-old Sprague Dawley rat pups (4-14/group) were injected intraperitoneally with ~10 2 CFU of bacteria in 50 μl PBS and returned to their mothers. At 18 hr post-inoculation, pups were euthanized and necropsied. Blood and cerebrospinal fluid (CSF) specimens were collected for CFU enumeration.
UTI-causing ability was tested in mice using a standard model of ascending UTI (Thai, Thathireddy, & Hsieh, 2010) . Seven-weekold CBA/j female mice (9-10/group) were anesthetized with ketamine-xylazine-acepromazine, then catheterized urethrally with a plastic catheter and inoculated with ~10 8 CFU of bacteria in 50 μl of PBS. Forty-eight hours later, mice were euthanized and necropsied. Bladder, kidney, liver and spleen were collected for CFU enumeration.
| Statistical analysis
Comparisons involving continuous variables were tested using one-way ANOVA analysis (biofilm, motility, cell interaction) or the Kruskal-Wallis test followed by Dunn's multiple comparison test (UTI, meningitis). Comparisons yielding p < .05 were considered statistically significant. Statistical tests were performed using GraphPad Prism 6.0 software.
| RESULTS
| Biofilm formation
Biofilms in the crystal violet assay generally were denser after growth in LB than in urine (Figure 1 ). While they were grown in urine (but not in LB), positive controls CFT073 and UTI89 formed denser biofilms than did negative control MG1655; this difference was significant for CFT073 (p < .05) (Figure 1 ). In urine, two meat isolates (PH-1104 and F-450) and four egg isolates (x189-33, x2710-512, x2F10-216 and USDA-096) formed significantly denser biofilm than MG1655. The 
| Motility
The tested strains differed in their swimming and swarming motility on soft agar plates (Figure 2 ). For swimming motility, compared to negative control MG1655, both human ExPEC controls (CFT073 and UTI89), four meat isolates (F-369, PH-615, PH-162 and WH-66) and one egg isolate (USDA-096) were significantly superior, whereas one meat isolate (F-450) and two egg isolates (x189-33 and USDA-004)
were significantly inferior. The remaining strains did not differ significantly from MG1655, but differed from one another.
For swarming motility, four strains, including positive control CFT073, two meat isolates (F-369 and PH-615) and one egg isolate (USDA-096), significantly exceeded negative control MG1655. The other chicken-source isolates, and positive control strain UTI89, did not differ significantly from MG1655 (Figure 2 ).
| Interaction with human cell lines
Bacterial ability to associate with, invade and survive intracellularly within human urinary tract-source epithelial cells was assessed using Bladder cell invasion values ranged from 0.2% (F-434 and F-450) to 3.8% (PH-615) (Figure 3 
| Virulence in rodent models of human ExPEC infection
In the murine sepsis model, all five mice challenged with positive control CFT703 became moribund within 20 hr, whereas the five mice challenged with negative control MG1655 became only moderately ill, then gradually recovered (Figure 4) . Figure 4a ). These isolates also were either ExPEC or non-ExPEC, but were phylogenetically more diverse, being from both low (A, B1) and high (D) virulence phylogenic. Surviving mice remained very ill throughout ( Figure 4b ).
The two non-lethal egg isolates (USDA-033 and USDA-004) were both non-ExPEC from phylogenetic group A. Although all the corresponding mice survived (Table 2 , Figure 4a ), those challenged with USDA-033 behaved similarly to those that received MG1655, that is, became mildly ill initially, then returned to normal, whereas those challenged with USDA-004 had a more significant infection, that is, became severely ill initially, then gradually recovered to be mildly ill (Figure 4b ).
Isolates tested in the UTI model included five meat-source ExPEC isolates that either did (F-356, WH-11, F-369, PH-101, PH-615) or did not (PH-162 and F-373) qualify as UPEC based on growth in human urine (Mitchell et al., 2015) , plus positive controls CFT073 (pyelonephritis) and UTI89 (cystitis) and negative control MG1655.
All meat isolates and both positive controls infected one or multiple organs to a significantly greater degree than did MG1655 ( Figure 5 ).
Additionally, meat isolate F-369 and positive control CFT073 infected a significantly greater proportion of livers and spleens, respectively, than did MG1655 ( Figure 5 ).
Isolates tested in the neonatal meningitis model included six chicken isolates (four meat source, two egg source), positive control NMEC strain RS218 and negative control laboratory strain DH5α
( Figure 6 ). Of these, RS218, three of four meat isolates (F-373, PH-162, PH-615), and one of two egg isolates (x2F10-314) infected the blood and CSF of all 11 challenged rats. In contrast, meat isolate 
| DISCUSSION
Here, we sought to test rigorously the hypothesis of potential foodborne of ExPEC that can cause human disease by determining whether chicken-source ExPEC isolates (as defined by molecular typing) are virulent in animal models of human infections. To date, E. coli from colibacillosis cases and the faeces of healthy chickens have been shown to be virulent in rodent models of meningitis (Tivendale et al., 2010) , sepsis and UTI (Jakobsen, Hammerum, & Frimodt-Møller, 2010a; Skyberg et al., 2006) . However, only two previous studies tested chicken meat E. coli isolates in a relevant animal model, the murine UTI model (Jakobsen, Hammerum, & Frimodt-Møller, 2010b; Jakobsen et al., 2010a ). Here, we tested E. coli isolates from chicken meat and eggs in rodent models that mimic human sepsis, meningitis and UTI, in comparison with reference human ExPEC and laboratory E. coli strains, and found that some chicken product-source E. coli isolates resemble human ExPEC in causing one or multiple types of extraintestinal infection.
However, these isolates represented both ExPEC and non-ExPEC and did not necessarily share genotypic or phenotypic virulence traits, demonstrating that extraintestinal virulence in E. coli is multiply determined and that a reliable in vitro screen for such strains remains to be defined.
Sepsis is a major cause of mortality, morbidity and medical costs, and E. coli is the leading aetiological agent (Artero et al., 2010; Labelle et al., 2012; Levy et al., 2010) . We previously categorized some chicken-source ExPEC isolates as sepsis-associated E. coli (SEPEC)
based on their resistance to complement. Here, in the murine sepsis model we observed no correspondence of sepsis-causing ability with complement sensitivity or molecularly defined ExPEC status (Table S2) . However, previous studies have shown that human-source E. coli clinical isolates are genetically diverse and produce a wide range of lethality and clinical illness (Dan et al., 2015; Johnson et al., 2015 ; Mora-Rillo et al., 2015; Salipante et al., 2015) and that ExPEC F I G U R E 5 Virulence of E. coli isolates in mouse UTI model. Abilities of chicken meat isolates to colonize urinary tract organs (bladder and kidney) and invade internal organs (spleen and liver) of mice. Mice were challenged intra-urethrally with ~10 8 CFU of meat isolates, respectively.
Number of CFU in organs expressed as Log10 CFU/g; each dot represents an individual mouse. Strain identifiers are shown below the X-axis. In each plot, vertical dashed lines separate meat isolates (left) from control strains (right). The data represent means and SD of at least two replicates. Percentage (%) of mice positive for E. coli (number of mice positive/total mice) in organs is shown in the bottom of each graph. ExPEC, extraintestinal pathogenic E. coli, as defined using genotypic criteria. Non-ExPEC, isolates lacking ExPEC-defining genotypic traits (see M&M). Positive controls are human ExPEC CFT073 and UTI89; negative control is E. coli K-12 MG1655. * and grey boxed, Comparison of indicated strain with MG1655 yielded p < .05 with one-way ANOVA belonging to phylogenetic group B2 and D are the most highly virulent (Smith, Fratamico, & Gunther, 2007) ; here, we found similar results for meat and egg isolates in the murine sepsis model. Thus, in the sepsis model some meat isolates are as virulent as CFT073. To cause sepsis, they may use different combinations of known or unknown virulence properties other than complement resistance, including pathogenesispromoting aspects of bacterial metabolism (Alteri, Smith, & Mobley, 2009 ).
Most egg isolates that caused sepsis in mice produced biofilms, especially in urine (Table S2 ). Biofilm production in urine could have provided a selective advantage within the hen genitourinary tract, for example in the cloaca, where eggs contact urine and faeces.
Biofilm could also have protected isolates from the industrial washing process, thereby providing a persistence advantage on the egg surface. Future studies could test these hypotheses by determining whether egg isolates that are contaminated vertically in vivo or that resist the washing process form more biofilm and/or are more virulent.
Regarding urovirulence, genotypic similarity has been documented previously between E. coli isolates from patients with UTI vs. from food products (Manges et al., 2007; Rossignol et al., 2015) .
Additionally, phylogenetic group D isolates from broiler chickens, broiler chicken meat and community-dwelling humans have been shown experimentally to infect the urine, bladder and kidneys of mice, which indirectly supports UTI as a potential zoonosis (Jakobsen et al., 2010a) . We previously classified some chicken-source ExPEC isolates as UPEC based on growth in human urine (Mitchell et al., 2015) , a criterion suggested as a good predictor of urovirulence (Russo, Carlino, Mong, & Jodush, 1999 (Bien, Sokolova, & Bozko, 2012) .
In the UTI model, meat ExPEC isolates PH-162 and F-373, although defined as non-UPEC because they grew poorly in human urine (Mitchell et al., 2015) , infected intensely all mouse organs (bladder, kidney, spleen, liver) . This might reflect difference in the importance of growth in urine between anal contamination-associated UTI (as occurs naturally) vs. catheter-induced UTI (as studied here). At present, which genetic and/or phenotypic traits made these two isolates highly virulent in the murine UTI model is unclear, as they differed for virulence genotype and phenotype.
Most isolates that exhibited urovirulence in mice had swimming ability (Table S2) ; this is consistent with previous findings that motility contributes to the fitness and uropathogenic potential of UPEC (Lane, Alteri, Smith, & Mobley, 2007; Lane et al., 2005) . The ability of the isolates PH-162 and WH-66 to swim but not swarm could be due to their defect in synthesis of multiple peritrichous flagella and/or surfactants (Kearns, 2010) .
The ability of MG1655 to colonize the bladder and kidneys of CBA/j mice after perurethral inoculation was reported previously (Tourret et al., 2011) and attributed to expression of type 1 fimbriae (Müller et al., 2009 ). However, as this strain lacks relevant virulence factors advantageous for efficient survival in the urinary tract and extraurinary organs, it should have minimal ability to cause severe illness. Our data support this, showing for MG1655 significantly sparser organ colonization than for CFT073 (bladder and kidney) or UTI89 (bladder), and less frequent spleen or liver infection than for these positive controls.
In some studies, certain APEC strains from diseased poultry caused meningitis in a neonatal rat model, leading to the speculation that APEC have zoonotic potential (Krishnan et al., 2015; Tivendale et al., 2010) . However, to date no study has tested E. coli isolates from chicken products in that model. Here, four of six tested meat isolates disseminated in the blood and CSF of neonatal rats after intraperitoneal challenge. All four isolates exhibited K1 capsule and ibeA, important virulence factors in NMEC pathogenesis (Doran et al., 2016 is consistent with the K1 capsule's critical role in neonatal meningitis (Kim et al., 1992) .
We previously identified meat-source isolates with overlapping genotypic and phenotypic traits characteristic of multiple ExPEC pathotypes (APEC, UPEC, NMEC) and the SEPEC subset, suggesting that they could cause different ExPEC diseases (Mitchell et al., 2015) .
Here, evaluation of five chicken product-source E. coli isolates (four meat source, one egg source) in multiple animal infection models documented that two ExPEC meat isolates (PH-162 and PH-615) could cause three major types of ExPEC infection in rodents, including sepsis, UTI and meningitis, implying a broad host range and virulence potential for these strains. Such isolates may pose an especially high risk to pregnant women and their progeny, because they potentially can cause UTI (including urosepsis) in the mother and both sepsis and meningitis in the foetus or neonate.
Future studies using a larger number of randomly selected isolates are needed to evaluate whether the sample we tested is representative of the wider diversity of this group of E. coli. Additionally, use of whole-genome sequencing could help identify the pathogenesis mechanisms of isolates that are virulent in rodent models but do not qualify as ExPEC according to the current genotypic definition. Application of machine learning technology on large numbers of genomes would predict the zoonotic risk of avian E. coli, as recently described for E. coli O157 from cattle (Lupolova, Dallman, Matthews, Bono, & Gally, 2016) , and bacterial genomewide association studies could define attributes for pathogenic avian E. coli from farm to humans, as previously done with Campylobacter (Yahara et al., 2017) .
| CONCLUSION
Evaluation of chicken product-source E. coli in rodent models of human sepsis, meningitis and UTI demonstrated that retail chicken meat and shell eggs can carry E. coli that are indistinguishable from human ExPEC in their potential to cause one or multiple extraintestinal infections in a mammalian host. These virulent isolates did not necessarily share similar genotypic and phenotypic traits, even for a given type of infection, which provides evidence that, in E. coli, extraintestinal virulence is multiply determined. The presence in chicken products of E. coli with infection-causing abilities similar to human ExPEC is a potentially significant food safety concern. Future studies should define the risk such strains pose to humans and develop better ways to detect them in food.
